Neurocysticercosis is a debilitating disease caused by the metacestode of the parasitic worm Taenia solium. Humans are an accidental host for the metacestode, or larval form, of T. solium. Infection occurs when eggs are ingested via the fecaloral route of transmission. Infective eggs hatch, and the liberated oncospheres cross the membrane of the small intestine and migrate in the body, typically ending up in the central nervous system, skeletal muscle, subcutaneous tissue, or ocular tissue (9, 10, 43) . Within the host's tissues, the oncosphere matures into a cysticercus and causes the disease cysticercosis. Neurocysticercosis is an infection of the central nervous system. Symptoms are nonspecific and variable and include seizures, headaches, and hydrocephalus, depending upon the numbers, locations, and viabilities of the cysts and the stage of the host immune response (4, 44, 45) . Several studies have shown that in countries where the disease is endemic, as many as 18 to 50% of the cases of adult-onset epilepsy are actually cases of neurocysticercosis (11, 22, 26) .
In the life cycle of T. solium, humans are the definitive host for the adult worm and pigs are the intermediate host for the metacestode. Maintenance of the life cycle requires a close association between humans and pigs; consequently, this disease is found wherever pigs are allowed to roam freely to scavenge for food and humans lack adequate sanitary facilities for the disposal of feces. Cysticercosis is endemic in Latin America, India, Asia, and Africa (14, 36) . A recent estimate of the prevalence of cysticercosis in Latin America indicated that 400,000 people have symptomatic disease (3) .
Diagnosis of neurocysticercosis requires either imaging of the brain by computed tomography or magnetic resonance imaging or the demonstration of cysticercosis-specific antibodies in the patient's serum. Brain imaging is expensive and is usually available only in urban centers within the countries where the disease is endemic. In addition, single lesions due to Mycobacterium tuberculosis are often difficult to distinguish from cysts due to T. solium (4, 9) . Early antibody detection assays lacked sensitivity and specificity (7, 15, 29, 31) , but in 1989, an assay with 98% sensitivity for the detection of cysticercosis cases with two or more cysts, less sensitivity for the detection of cases with single cysts (26, 28, 46) , and 100% specificity was developed (40) . The assay uses a partially purified preparation of metacestode antigens. Cysts harvested from pigs are solubilized in urea, and the bound fraction from lentil lectin affinity chromatography, the lentil lectin purified glycoproteins (LLGPs), is used as antigen in a Western blot or enzyme-linked immunoelectrotransfer blot assay. Immunoreactivity with any one of seven glycoproteins is diagnostic for cysticercosis. Since 1995, this has been the only assay recognized by the World Health Organization and the Pan American Health Organization for the serodiagnosis of cysticercosis (Pan American Health Organization and World Health Organization informal consultation on the taeniosis/cysticercosis complex, 1997). The assay, however, has some drawbacks. It is dependent upon a supply of naturally infected pigs. Preparation of the antigen and performance of the Western blot require considerable technical expertise. The partially purified LLGP antigen preparation is not suitable for use in an enzymelinked immunosorbent assay (ELISA) (V. C. W. Tsang, unpublished data); and a Western blot assay is not suitable for field studies, nor is it a suitable or affordable assay for diagnosis in countries where cysticercosis is endemic. To address these issues, we have been systematically characterizing the seven diagnostic LLGP antigens.
The characterization of two LLGP proteins, Ts14 and Ts18, has been reported earlier (16, 17) . Here we report on the identification and characterization of a family of diagnostic proteins, the 8-kDa antigens of T. solium metacestodes. The 8-kDa antigens are the diagnostic proteins seen at 14, 18, and 21 kDa on the Western blot and are also found in the bands at 24 and 39 to 42 kDa. Eighteen unique mature proteins have been cloned by us and others (16, 24, 34) and were identified, by phylogenetic analysis, to sort into four clades. Nine were chemically synthesized for use as antigens. Testing of the synthetic proteins in an ELISA identified one 8-kDa protein with 100% sensitivity when it was tested with sera from cysticercosis patients reactive with the 8-kDa protein components of LLGP on Western blot and 100% specificity.
infections were positive for cysticercosis by the LLGP Western blotting assay and all were reactive with the 8-kDa group of antigens (40) . Many of the samples were also confirmed to be positive for cysticercosis by brain imaging or biopsy. A positive reference standard was formed by pooling sera from three patients with parasitologically confirmed, immunoblot-positive cysticercosis. The other parasitic infection serum samples were all from parasitologically confirmed cases. Among these serum samples were 4 serum samples from patients with Taenia saginata infections, 3 serum samples from patients with Echinococcus multilocularis infections, 6 serum samples from patients with Echinococcus granulosus infections, 11 serum samples from patients with Ascaris lumbricoides infections, 4 serum samples from patients with Schistosoma mansoni infections, 4 serum samples from patients with Schistosoma haematobium infections, and 2 serum samples from patients with Trichinella sp. infections. The NHSs were obtained from healthy U.S. residents who did not have a history of international travel.
Fast-ELISA. Fast-ELISA was performed as described previously (18) . Streptavidin (recombinant streptavidin; Roche Molecular Biochemicals, Indianapolis, Ind.) was used to coat the polystyrene sticks of the Falcon 3931 assay screening test (Becton Dickinson, Lincoln Park, N.J.) at a saturating concentration of 6.0 g of streptavidin per ml of 0.05 HEPES-0.1 M NaCl (pH 7.0). The wash buffer and diluent buffer for the biotinylated proteins and conjugate was 0.05 M HEPES-0.1 M NaCl (pH 7.0) plus 0.3% Tween 20 (Calbiochem-Novabiochem Corp., La Jolla, Calif.). The serum diluent consisted of the same buffer with 5% nonfat dry milk. The biotinylated proteins were diluted to 1.0 g/ml. The serum samples were assayed in triplicate at 1:100 dilutions. Bound antibodies were detected with a peroxidase-labeled goat anti-human immunoglobulin (41), followed by the substrate SureBlue (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.). All reagents except the sera were present in excess. After 5 min, the A 650 was read with a ThermoMax microplate reader (Molecular Devices Corp., Sunnyvale, Calif.). Each plate contained a positive reference standard, which was used to calculate a relative absorbance unit for each sample by dividing the mean A 650 for each sample by the mean A 650 for the positive reference standard. As a control, the positive reference standard was included as a sample in the assay. If the relative absorbance for the control differed from 1.0 by more than 10%, the data for the plate were discarded.
Nucleotide sequence accession numbers. The nucleotide sequences identified in this study have been submitted to GenBank, and the accession numbers are given in Table 1 .
RESULTS
The 8-kDa gene family. A family of genes encoding lowmolecular-weight antigens has been identified in T. solium metacestodes. To date, 32 nucleic acid sequences have been identified as encoding members of this 8-kDa family of proteins ( Table 1 ). The 32 sequences are from T. solium cysts collected in Peru, Mexico, India, and China. A number of these sequences have already been described (16, 24, 34) . Additional members of this gene family, described in this paper, were identified by PCR amplification of genomic DNA. Two introns were identified in each of the genomic clones. Screening, at a low stringency, of a bacteriophage lambda T. solium metacestode cDNA library with a mixture of random primed and labeled probes generated from the coding sequences of Ts14, Ts18, and TsRS1, did not identify any additional gene family members (data not shown).
Twenty-six unique sequences that encode 23 unique protein sequences were detected among the 32 nucleic acid sequences. These 8-kDa proteins have a signal sequence, cleavage of which results in a 66-or 67-amino-acid mature protein with a predicted molecular mass of about 8 kDa (x ϭ 7,628 for the 66-amino-acid proteins and 7,746 for the 67-amino-acid proteins) and a predicted pI of about 9 (x ϭ 8.96). There are 18 unique mature protein sequences. Within the mature protein sequence, all of the 8-kDa proteins have from one to three predicted N-linked glycosylation sites, and all of the 8-kDa proteins have one to three cysteines except for the proteins within the TsRS1 clade. These proteins lack N-linked glycosylation sites and cysteines. The 8-kDa proteins are hydrophilic, as determined by hydrophobicity analysis (21) . They lack potential transmembrane regions and glycosylphosphatidylinositol-anchor attachment sites (8) . These data suggest that the 8-kDa proteins are extracellular secreted proteins that perhaps accumulate in the cyst fluid.
The 8-kDa proteins have been shown by protein sequencing to be the diagnostic proteins found at 14, 18, and 21 kDa in the lentil lectin bound fraction from urea-solubilized cysticerci (17, 40 ; data not shown). Only 8-kDa proteins have been found in these diagnostic bands. Protein sequencing data also show that the bands at 24 and 39 to 42 kDa contain 8-kDa proteins (27; data not shown). In addition, a polyclonal antibody raised The 23 sequences were aligned by using the ClustalX program (Fig. 1A) . The lines between accession numbers mark the division of the sequences into four groups, Ts14, Ts18, TsRS1, and TsRS2. Additional protein sequences that are not shown are those with GenBank accession numbers AF257776 and AF158184, which are identical to the sequence with GenBank accession number AF082829; those with GenBank accession numbers AF356366 and AF356338, which are identical to the sequence with GenBank accession number AF356335; that with GenBank accession number AF356330, which is identical to the sequence with GenBank accession number AF098073; that with GenBank accession number AF356345, which is identical to the sequence with GenBank accession number AB044081; and those with GenBank accession numbers AF356342, AF163972, and AF356341, which are identical to the sequence with GenBank accession number AB044083. For this analysis, an intron-like sequence in the sequence with GenBank accession number AB044083 was removed. (B) Alignments of the 8-kDa proteins with the hydrophobic ligand-binding proteins of H. diminuta (GenBank accession number AF249884) and M. expansa (GenBank accession number AF312736). Asterisks mark identical amino acid residues. More and less conservative substitutions are indicated by two dots and one dot, respectively.
protein sequences, 18% of the amino acids are identical and 68% are similar or identical. Many of these identical and similar amino acids are clustered in the central portion of the mature protein, from position 27 through position 41.
From the alignment of the 8-kDa protein sequences obtained with the ClustalX program (Fig. 1A) , the 16 sequences with an alignment over 73 amino acids were analyzed to determine their phylogenetic relationships. Quartet puzzling (a maximum-likelihood method), the FITCH method (a leastsquares distance method), and the protpars method (a maximum-parsimony method) gave trees with similar topologies. The quartet puzzling results are shown as a radial tree in Fig.  2 . The 8-kDa sequences fall into four clades, with the largest and most diverse clade being Ts18. The other clades are Ts14, TsRS1, and TsRS2. The node support values for the four clades range from 90 to 99%. All four clades contain sequences from cysts from both Latin America and Asia.
A BLAST search for similar sequences identified 13 homologous proteins. The two proteins with the highest Expect values were cestode hydrophobic ligand-binding proteins, one from Hymenolepis diminuata (GenBank accession number AF249884) and the other from Moniezia expansa (GenBank accession number AF312736). These two proteins were aligned with the 8-kDa proteins by use of the ClustalX program (Fig.  1B) . These hydrophobic ligand-binding proteins do not have a signal sequence, but their sequences align with the mature 8-kDa sequences. Among the 8-kDa proteins and the hydrophobic ligand-binding proteins, there are 3 conserved amino acids, 11 positions with more conservative substitutions, and 9 positions with less conservative substitutions. The cluster of identical and similar amino acids seen in the central portion of the 8-kDa proteins is seen here as well.
Phylogenetic analysis was done with the 13 homologous proteins plus 13 of the 8-kDa proteins, from all four clades, which aligned over 62 amino acids, as determined with the ClustalX program. The analysis was done by quartet puzzling, the FITCH method, and the protpars method. All methods gave trees with similar topologies. The quartet puzzling results are shown as a radial tree in Fig. 3 . The sequences fall into five clades. The T. solium 8-kDa clade is the closest in evolutionary distance to the cestode hydrophobic ligand-binding proteins. The next closest clade consists of two T. solium sequences, one of which encodes a cysticercosis-specific antigen (GenBank accession number AF076609) and the other of which encodes an oncosphere-specific antigen (GenBank accession number AF523312), and one Taenia crassiceps sequence, which encodes an immunodiagnostic antigen (GenBank accession number U07150). The remaining eight sequences, which formed two clades, were all E. granulosus antigen B sequences. The node support values for the five clades ranged from 84 to 100%.
Immunoreactivities of T. solium 8-kDa proteins. Nine of the T. solium 8-kDa proteins were selected for evaluation of their immunoreactivities with 32 serum samples from patients with cysticercosis, 34 serum samples from patients with other parasitic infections, and 15 NHSs. One sequence was chosen from each of the three clades Ts14, TsRS1, and TsRS2 var1. Six sequences were chosen from the Ts18 clade (Ts18, Ts18 var1, Ts18 var3, Ts18 var4, Ts18 var6, and Ts18 var8). Preliminary studies with Ts18 var6, however, showed that it had minimal reactivity with the positive reference standard and most other positive serum samples (data not shown). Therefore, no further assays were done with this protein. The remaining eight synthetic proteins were assayed, each with 81 serum samples. The Fast-ELISA results are shown in Fig. 4 . The cutoff value for each protein was set for 100% specificity, and the J index was calculated (47) . The J index is equal to the sensitivity (number positive in the infected group divided by the number of individuals in the infected group) plus the specificity (number negative in the uninfected group divided by the number of individuals in the uninfected group) minus 1. With a J index of 1.00, TsRS1 was 100% specific and 100% sensitive. Ts18 var1 and Ts18 var3 both had J indices of 0.97 and missed 1 of 32 positive serum samples. Ts18 had a J index of 0.91 and missed 3 of 32 positive serum samples. Ts14 and Ts18 var4 both had J indices of 0.84 and missed 6 of 32 positive serum samples. Ts18 var8 had a J index of 0.76 and missed 10 of 32 positive serum samples. TsRS2 var1 had a J index of 0.73 and missed 12 of 32 positive serum samples. The three proteins with J indices Ն0.97 show minimal reactivity with the NHSs and the serum samples from patients with other parasitic infections. Ts14, Ts18 var8, and TsRS2 var1 had higher levels of reactivity with some of the serum samples from patients with other parasitic infections and some of the NHSs. This low level of crossreactivity with cysticercosis-negative sera prevents the discrimination between positive serum samples with low-level reactivity and negative serum samples. Ts18 and Ts18 var4 had low levels of reactivity with the serum samples from patients with other parasitic infections and the NHSs but lacked reactivity with several cysticercosis-positive serum samples. The best choices for antigens for use in a diagnostic assay are TsRS1, Ts18 var1, and Ts18 var3. All are 100% specific and have sensitivities ranging from 97 to 100%.
The reactivities of the positive sera with Ts18 var1 were compared with the reactivities of the positive sera with Ts18 (Fig. 5A ). The same comparison was made between Ts18 var1 and TsRS1 (Fig. 5B ). No difference in the level of reactivity of each serum sample with Ts18 var1 and Ts18 var3 was seen. The coefficient of determination (r 2 ) was 0.98. This result is not surprising, since the two sequences differ by only three amino acids. This result also validates the reliability of the ELISA data. However, when the reactivities with Ts18 var1 and TsRS1 were compared, several positive serum samples had low levels of reactivity with one antigen but high levels of reactivity with the other antigen. The positive serum sample with the lowest level of reactivity with Ts18 var1 and Ts18 var3 had a middle range of reactivity with TsRS1. Conversely, the positive serum sample with the lowest level of reactivity with TsRS1 had a middle range of reactivity with Ts18 var 1 and Ts18 var3. These variations in antibody reactivities between these two antigens are reflected in the low coefficient of determination (r 2 ϭ 0.52). Because of these differences in levels of antibody reactivity between Ts18 var1-Ts18 var3 and TsRS1, both Ts18 var1 or Ts18 var3 and TsRS1 will be included in future assays for the detection of immunoreactivities to the T. solium 8-kDa diagnostic antigens.
DISCUSSION
The proteins in the T. solium 8-kDa family of proteins are important for immunodiagnosis. In the LLGP Western blot for cysticercosis, the diagnostic bands at 14, 18, and 21 kDa are 8-kDa proteins. In addition, the band at 24 kDa contains 8-kDa proteins, and disulfide-bonded multimers of the 8-kDa proteins are found in the 39-to 42-kDa diagnostic band. To date, 18 unique mature 8-kDa protein sequences have been identified. Nine of the 18 protein sequences were synthesized for evaluation in an ELISA. Of these, one (TsRS1) was shown to be 100% sensitive for the detection of cysticercosis-positive serum samples reactive with the 8-kDa bands of LLGP on Western blot and 100% specific. Therefore, TsRS1 will be one component of a cocktail of diagnostic synthetic or recombinant proteins. Another two 8-kDa proteins, Ts18 var1 and Ts18 var3, were shown to be 97% sensitive and 100% specific. Interestingly, there were significant differences between the levels of antibody reactivities of cysticercosis-positive serum samples with TsRS1 compared with their reactivities with Ts18 var1 or Ts18 var3. To guard against the possibility of the lack of detection of a positive serum sample that has low level of reactivity with TsRS1, Ts18 var1 or Ts18 var3 will also be included in the antigen cocktail.
There are at least two additional immunodiagnostic proteins in the LLGP antigen used in the Western blot. These are the protein at 50 kDa (GP50) and the non-8-kDa proteins at 24 and 39 to 42 kDa. While at least 90% of people with cysticercosis have antibodies that recognize more than one band in the immunoblot (40) , the sera of some individuals recognize only GP50 and only the 24-or 42-kDa protein. Clearly, an assay that uses synthetic and recombinant antigens and that has the sensitivity of the LLGP Western blot assay must also include GP50 and the 24-and 42-kDa proteins. A recombinant antigen has been developed for GP50, and work is under way to develop a recombinant antigen for the 24-and 42-kDa proteins.
The 8-kDa antigens are not the first cloned proteins to be tested for their immunoreactivities with cysticercosis-infected sera. Hubert et al. (19) identified two proteins, NC-3 and NC-9, by screening a cDNA expression library with cysticercosis-positive sera. They expressed these proteins as glutathione S-transferase fusion proteins and tested them in an ELISA. NC-3 had a sensitivity of 96.3% and a specificity of 91.5%. The sensitivity of NC-9 was only 33.3%. Chung et al. (5) cloned and expressed the T. solium homolog of the T. crassiceps 10-kDa immunodiagnostic antigen (GenBank accession numbers AF076609 and U07150, respectively). These proteins are phylogenetically related to the T. solium 8-kDa antigens (Fig. 3) . When expressed as a glutathione S-transferase fusion protein and tested in an immunoblot, the T. solium 10-kDa protein showed a sensitivity of 88% and a specificity of 98%.
Aside from these proteins, two of which are unrelated to the T. solium 8-kDa proteins and one of which is related to the T. (Fig. 2) . They used thioredoxin-and histidine-tagged-fusion proteins and reported low levels of antibody reactivity with Ag1 and good antibody reactivities with Ag1V1 and Ag2. For analysis in an ELISA, they expressed a histidine-tagged fusion of a chimera of Ag1V1 and Ag2 and reported a sensitivity of 89.7% and a specificity of 100%. These results are similar to the ones reported here. TsRS2 var1 (GenBank accession number AF356343) was the least sensitive of the synthetic proteins tested, and TsRS1 (GenBank accession number AF082830) was the most sensitive (Fig. 4) . However, we report a sensitivity of 100% with synthetic TsRS1. While other cloned proteins function as immunodiagnostic proteins, such as NC-9 and the T. solium 10-kDa protein, there is an advantage to targeting the diagnostic proteins of an antigen mixture that has been used successfully around the world for more than 10 years. These proteins have a track record of success when used for immunodiagnosis, with a sensitivity of 98% and a specificity of 100% (6, 12, 13, 40, 42, 46) . Because it is known that the native proteins are glycoproteins, the one concern is the potential contribution of the carbohydrate moiety to the antibody response observed in cysticercosis patients. This concern was addressed by Obregon-Henao et al. (24) , and their data showed diminished antibody activities for the native 8-kDa proteins following deglycosylation. However, our data for the synthetic 8-kDa proteins and the data of Sako et al. (34) for the recombinant 8-kDa proteins clearly show that the majority of the antibody reactivity is retained in proteins lacking glycosylation.
To be able to implement cysticercosis control programs, it is essential to have an accurate and rapid assay for diagnosis. While the LLGP Western blot assay is the "gold standard" assay for sensitivity and specificity (26a, 28) , an ELISA format is much preferred because of its ease of use and lower cost. The use of cloned antigens rather than partially purified native proteins makes use of the ELISA format feasible and opens the possibility for the use of other rapid test formats, such as lateral flow assays. In addition, the use of a cloned protein as antigen removes the dependence on a supply of naturally infected pigs as a source of parasite material. The ability to chemically synthesize the antigen rather than express it greatly simplifies the process for obtaining antigen and keeps the cost low. The cost of synthetic TsRS1 antigen required to assay a single sample is $0.03. It may be possible to reduce this cost further by epitope mapping TsRS1 to determine if a smaller peptide(s) retains the same sensitivity for the detection of cysticercosis-positive sera.
The 8-kDa proteins are a family of secreted proteins that elicit an antibody response in infected people. The question arises, what is the function of these proteins in the metacestode? The best clue that we have is that phylogenetically they are the proteins most closely related to the cestode hydrophobic ligand-binding proteins, characterized in M. expansa (GenBank accession number AF312736), the sheep tapeworm, and in H. diminuta (GenBank accession number AF249884), the rat tapeworm (2, 20, 33) (Fig. 3) . Like the cestode hydrophobic ligand-binding proteins, the 8-kDa proteins all have a conserved tryptophan that has been shown to be essential to the function of the cestode hydrophobic ligand-binding proteins (2, 32) . This conserved tryptophan is not present in the members of the three other clades of phylogenetically related proteins (Fig. 3) . On the basis of these similarities, we believe that the T. solium 8-kDa proteins may also be hydrophobic ligandbinding proteins, but ones that function as extracellular carrier proteins for lipids and other hydrophobic ligands. However, the possibility that the 8-kDa proteins may play a role in the host immune response, like the role proposed for the related protein antigen B from E. granulosus, should also be considered (30) .
In the host-parasite interactions that occur during infection with T. solium metacestodes, it is clear that the 8-kDa proteins elicit an antibody response that is diagnostic for cysticercosis. In order to determine which flavor of the 18 8-kDa proteins identified to date works best as a diagnostic antigen, 9 of the 66-and 67-mer mature 8-kDa proteins were chemically synthesized and then evaluated in an ELISA. One, TsRS1, was 100% sensitive when it was tested with cysticercosis-positive sera reactive with the 8-kDa proteins on Western blot and was 100% specific. Two others, Ts18 var1 and Ts18 var3, were 97% sensitive and 100% specific and often showed different levels of antibody reactivity with cysticercosis-positive sera compared to the reactivity of TsRS1. TsRS1 and either Ts18 var1 or Ts18 var3 will be components of a diagnostic antigen cocktail of three to four synthetic and recombinant proteins, all derived from the diagnostic proteins used for the LLGP Western blot assay. Identification of these diagnostic antigens and the development of the ELISA are major steps forward for the serodiagnosis of cysticercosis.
